The initial growth of HfO 2 on Si ͑111͒ is monitored in situ by ultrahigh vacuum ͑UHV͒ scanning probe microscopy. UHV scanning tunneling microscopy and UHV atomic force microscopy reveal the topography of HfO 2 films in the initial stage. The chemical composition is further confirmed by x-ray photoelectron spectroscopy. Scanning tunneling spectroscopy is utilized to inspect the evolution of the bandgap. When the film thickness is less than 0.6 nm, the bandgap of HfO 2 is not completely formed. A continuous usable HfO 2 film with thickness of about 1.2 nm is presented in this work. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3073863͔ Downscaling of complementary metal oxide semiconductor transistors has led to silicon dioxide gate dielectric layers being so thin that the leakage current can become very serious.
Downscaling of complementary metal oxide semiconductor transistors has led to silicon dioxide gate dielectric layers being so thin that the leakage current can become very serious. 1 Consequently, various kinds of high-k materials have been studied as potential replacements for SiO 2 . Among them, Hf-based dielectrics such as HfO 2 , HfSiO, and HfSiON have emerged as the preferred materials due to their reasonably high dielectric constant k, thermodynamic stability, and good interfacial quality in contact with Si. 2 Although HfO 2 has been shown to possess superior characteristics compared to other alternative gate dielectrics, the physical limitation of the HfO 2 has not been rigorously studied so far. To further understand the initial growth of HfO 2 on silicon, localized microscopic studies of the dielectric thin films are highly desirable. Scanning tunneling microscopy ͑STM͒ has the advantages of atomic resolution and can simultaneously provide geometrical and electrical information. It has been used to investigate the local characteristics of thin dielectric films such as SiO 2 and SiO x N y . 3, 4 Recently, STM has been used to examine the local structures of HfO 2 thin films and their surface morphology and electronic structures have also been reported. 5, 6 However in situ ultrahigh vacuum ͑UHV͒ scanning probe microscopy has been rarely used to examine the initial growth of ultrathin HfO 2 films. In the work reported in this paper, ultrathin HfO 2 films were fabricated on atomically clean p-type Si ͑111͒ by electron beam evaporation, and the local electrical properties were monitored in situ by UHV-STM. UHV atomic force microscopy ͑AFM͒ together with x-ray photoelectron spectroscopy ͑XPS͒ and high resolution cross-sectional transmission electron microscope ͑XTEM͒ reveal the initial growth and bandgap evolution of ultrathin HfO 2 films.
Highly doped P-type ͑0.01 ⍀ cm͒ Czochralski Si ͑111͒ was used as the substrate. The native SiO 2 was cleaned by resistive heating and Si ͑111͒ 7 ϫ 7 reconstructed surface observed by STM indicated the atomically clean surface. 7 After cleaning, the sample was transferred to a UHV e-beam evaporation chamber without breaking vacuum to conduct HfO 2 deposition. The ultrathin HfO 2 layer was deposited by e-beam evaporation of the Hf metal precursor in an oxygen partial pressure of 10 −5 Torr. Afterwards, the sample was transferred back to UHV-STM chamber and densified at 150°C for 20 min. The microstructure of the HfO 2 samples was determined by high-resolution transmission electron microscopy on a Tecnai 20 ST, FEG 200 keV system with an energy resolution of 0.7 eV. The chemical composition and binding energy of the samples were determined by XPS. Figure 1 shows the in situ UHV-STM and ex situ UHV-AFM images of the ultrathin HfO 2 films at the initial growth stage prepared by UHV e-beam evaporation for different time periods that were precisely controlled to be 5, 20, and 50 s. They are denoted as samples 1, 2, and 3, respectively. The STM and AFM images of these samples are depicted in Figs. 1 ͑a͒ and nanosize particles on the surface can be observed and it is probably due to the short deposition time. At the initial stage of HfO 2 film growth, Hf and/or Hf-O clusters land on the Si surface. Afterwards, they migrate along the silicon surface to form individual islands. The deposition time of sample 2 is longer than that of sample 1 and so the deposited Hf-O clusters have more time to move around resulting in the formation of a continuous HfO 2 film. The atomic steps can be clearly observed in both the UHV-STM and UHV-AFM images, which unambiguously show that the film is so thin that its morphology is strongly influenced by the Si substrate. As the deposition time increases, the influence of the substrate diminishes gradually and large-area atomic steps can no longer be observed implying the formation of a continuous film. The images of sample 3 show the typical morphology of an as-evaporated film. When a continuous film is formed, the surface becomes smoother and nanoparticles with size of 2 ϫ 2 nm 2 are uniformly distributed in the film. The chemical composition and binding energy of the samples are determined by XPS and the corresponding XPS spectra of the three HfO 2 samples are shown in Fig. 2 . The Hf 4f core-level spectra of samples 2 and 3 only show an Hf 4f 7/2 peak at a binding energy of 17.6 eV corresponding to the Hf-O bond in bulk HfO 2 . 8 However, a small but noticeable peak at 14.2 eV appears in the Hf 4f core-level spectrum of sample 1 and it corresponds to the Si-Hf bond. With regard to the Si 2p core-level spectra, the main peak appears at 99.3 eV, which is the binding energy of bulk Si. Only a shoulder at about 103.3 eV can be observed in the Si 2p spectra of sample 1 indicating the formation of the SiO 2 interfacial layer. This is probably due to the short deposition time for sample 1 and so a continuous film is not formed. When the Si substrate is exposed to oxygen, a thin SiO x layer is formed on the surface immediately. In the Si 2p spectra of samples 2 and 3, a weak shoulder at a binding energy of about 102.2 eV is detected. This implies a more silicatelike nature at the interface between the HfO 2 and Si substrate. 9 Scanning tunneling spectroscopy ͑STS͒ is one of the powerful approaches to investigate the electronic properties of ultrathin insulating films on a conducting substrate on the nanometer scale. STS has been employed to probe the bandgap and band offsets of various heterostructures or nanomaterials. 10, 11 Since the normalized differential conductance ͑dI / dV͒ / ͑I / V͒ corresponds to the local density of states ͑LDOS͒ ͑Ref. 12͒ and there are increased state density near the conduction band minimum and the valence band maximum so we can roughly estimate the bandgap of the ultrathin oxide by examining the I-V spectra and the flat zone in the calculated ͑dI / dV͒ / ͑I / V͒-V curves gives an estimation of the bandgap due to Fermi level of the tip is in alignment with that of the HfO 2 . Figure 3 displays the I-V and ͑dI / dV͒ / ͑I / V͒-V curves obtained from samples 2 and 3. It is obvious that when the oxide becomes thicker, the featured structures in the LDOS shift to a higher energy value. Since the distance between the positive and negative peaks gives the estimation of the bandgap, it can be observed that the bandgap increases with oxide thickness, i.e., 4.2 eV in sample 2 and 6.3 eV in sample 3. The ͑dI / dV͒ / ͑I / V͒-V curve of sample 2 shows two noticeable shoulders ͑high-lighted by arrows͒ corresponding to the featured peak of interfacial SiO 2 , which penetrate through the HfO 2 due to its ultrathin thickness. 13 However, when the film continues to become thicker, these shoulder peaks disappear.
In order to precisely characterize the film thickness and interfacial properties, TEM samples were prepared and the high-resolution XTEM images of samples 2 and 3 are depicted in Fig. 4 . The HfO 2 in sample 1 is too thin to be observed by TEM. The thickness of the HfO 2 thin film on sample 2 is in the range of 0.6-0.8 nm, whereas that of sample 3 is about 1.2 nm. Moreover, an interfacial layer of over 1 nm is observed in samples 2 and 3. In our previous work, it was found that the as-deposited HfO 2 sample had an interfacial layer of less than 1 nm, typically 0.6-0.8 nm. 14, 15 The increased interfacial thickness can be attributed to the postannealing process. Furthermore, during TEM sample preparation, the grinding and long ion-milling processes may result in a thicker interfacial layer.
In conclusion, ultrathin HfO 2 films have been fabricated on Si ͑111͒ and the growth is monitored in situ by UHV-STM to reveal the important initial growth of ultrathin HfO 2 films. In addition, the microstructural and compositional properties of the films are nanoscopically characterized. Bandgap evolution of ultrathin HfO 2 films is revealed by STS. Our results show that when the film thickness is less than 0.6 nm, the bandgap of HfO 2 is largely reduced. A HfO 2 film with continuous morphology and desired bandgap can be obtained when the film thickness is about 1.2 nm.
